Introduction

71
Sex chromosomes evolve from autosomal ancestors when recombination is suppressed 72 between the homologous pairs (reviewed in Bachtrog 2013). Thus, sex chromosomes are an 73 intriguing region of the genome to understand how mutations and repetitive DNA accumulate in 74 the absence of recombination and how gene content evolves once a chromosome becomes sex-crossover region on the Y chromosome was composed of two differently aged evolutionary strata, contig ordering across the scaffold was verified by BAC contig sequences that spanned gaps in 206 the assembly. We aligned all 101 sequenced BAC contigs to the Y chromosome scaffold and 207 found 92 of the BAC contigs aligned concordantly with the assembly (Figure 1B) . These BACs 208 aligned to 40 of the 70 contigs in the assembly with a high sequence identity (7.72 Mb of non-Figure 1. Hi-C chromosome conformation capture sequencing generated a single Y chromosome scaffold. (A) The contact matrix shows an enrichment of interactions between contigs in close proximity along the diagonal. Contig boundaries in the assembly are denoted by the black triangles along the diagonal. (B) Sanger sequenced BAC inserts that align concordantly throughout the scaffold are shown, with BACs that spanned gaps between contigs in orange, BACs that extended into, but did not span gaps in purple, and BACs that were contained completely within an individual contig in green.
Pacific Ocean marine population used for the cytogenetic map (Ross and Peichel 2008).
239
The location of the oldest region within the Y chromosome (the previously identified 240 stratum one) had been ambiguous. Cytogenetic markers from this region could not be hybridized 241 Figure 2 . The threespine stickleback Y chromosome assembly is concordant with cytogenetic maps. (A) The Y chromosome has diverged from the X chromosome through a series of inversions determined through ordering of cytogenetic markers (dashed lines indicate rearrangements of the linear order of markers (Ross and Peichel 2008)). (B) Alignments of the assembled Y chromosome (left) to the X chromosome (right) reveal the same inversions in the de novo assembly. Stratum one is indicated by orange, stratum two is indicated by dark purple, stratum three is indicated by light purple, and the pseudoautosomal region is indicated by yellow. A majority of the pseudoautosomal region is not included in the reference Y chromosome assembly because this region was not targeted (see methods). The location of the candidate sex determination gene (Amhy) is indicated by the black arrow. Centromeres are shown by black circles. Positions are shown in megabases. Underlying the CENP-A peak, we found a core centromere AT-rich repeat. We identified 284 14 copies of the repeat in our Y chromosome assembly, which shared an average pairwise 285 sequence identity of 84.6% with the core repeat that hybridized to the remainder of the genome 286 (Cech and Peichel 2015) (Supplemental Figure 6 ). The repeats fell at the edges of a gap,
287
indicating that a majority of the repeats were not assembled into our primary scaffold. Uneven 
290
Consistent with this, both contigs that flanked the centromere gap in the Y chromosome assembly 291 had additional sequence that was removed by the 3D-DNA pipeline as "debris." The first contig with CENP-A were aligned to the reference Y chromosome assembly. There is a prominent peak between markers STN187 and WT1A where the centromere is located in cytogenetic maps (Ross and Peichel 2008) . CENP-A enrichment from a second male fish is shown in Supplemental Figure 5. (B) Alpha satellite monomeric repeats are organized into higher order repeats (HORs). Sequence identity is shown in 100 bp windows across the centromere sequence of the Y chromosome. 87 kb of sequence containing the monomeric repeat was rejoined (crosshatched) to contigs that were previously fragmented in the scaffolding process (orange contig: 11894; yellow contig: 11839). The gap between the two contigs is shown in grey. threespine stickleback did not reveal a HOR organization; however, this analysis was limited by 310 the identification of only a few short stretches of the monomeric repeat on each autosome (Cech 311 and Peichel 2015). The ~87 kb of assembled centromere on the Y shows a clear higher order 312 patterning around the centromeric region, consistent with complex HORs ( Figure 3B ).
314
The Y chromosome has three evolutionary strata 315 Previous estimates of synonymous site divergence (dS) in coding regions have indicated 316 there are two evolutionary strata on the threespine stickleback sex chromosomes (White et al.
317
2015), despite the presence of at least three major inversion events in the cytogenetic map of the biased by mapping artifacts, especially in the oldest region of the Y chromosome. We investigated 321 whether our Y chromosome assembly supported the earlier model of two evolutionary strata or 322 whether there could be additional strata uncovered in the current de novo assembly. We aligned 323 all ENSEMBL predicted X chromosome coding regions outside of the pseudoautosomal region to 324 the Y chromosome reference assembly to estimate divergence. Of the 1187 annotated coding 325 sequences, we were able to align 504 (42.5%) to the male-specific region of the Y chromosome.
326
We found a clear signature of three evolutionary strata, consistent with inversion breakpoints 327 within the cytogenetic map as well as within our de novo reference assembly. The oldest stratum . The sex chromosomes have three distinct evolutionary strata. Synonymous divergence (dS) between the X and Y chromosome was estimated for every annotated transcript on the X chromosome. Genes are ordered by position on the X chromosome (Mb). Median divergence across each region is shown by the red line; values are given in Table 2 . Strata breakpoints are indicated by the vertical dashed lines. The centromere is indicated by a black circle. Table 1 ). We also investigated whether the older strata had increased non-synonymous 333 divergence (dN) consistent with inefficient selection from the lack of crossing over between the 334 chromosomes (Charlesworth 1978; Rice 1987). As predicted, stratum one had a significantly 335 higher dN than strata two and three (Table 1) . Stratum two had a significantly lower dN than the 336 other strata. This was also reflected by a significantly lower dN/dS ratio (Table 1) and two, we found orthologs with a retained Y-linked allele had lower DHP scores than genes 347 without a Y ortholog, indicating that retained genes were more likely to exhibit haploinsufficiency Figure 5 . Genes retained on the Y chromosome in strata one and two are more likely to exhibit haploinsufficiency. Human proteins with predicted haploinsufficiency indexes, in which a lower value indicates that a gene is more likely to be haploinsufficient, were matched to one-to-one human-threespine stickleback fish orthologs from the X chromosome. Haploinsufficiency indexes were significantly lower for genes retained on both the X and Y chromosomes than for genes present only on the X chromosome (i.e. lost from the Y chromosome) in both strata one and two. 
368
Of the stickleback genes that had multiple introns within the autosomal homolog (25 of 30 genes),
369
we did not detect a single paralog on the Y chromosome that had a complete loss of introns.
370
Genes that accumulate on Y chromosomes are predicted to have male beneficial male functions, we looked for testis-biased gene expression between testis tissue and three other 376 tissues (liver, brain, and larvae). Compared with all tissues, we found stronger testis-biased 377 expression among the genes that translocated to the Y chromosome, compared to the single-378 copy genes with a homolog on the X chromosome ( Figure 6 ; Mann-Whitney U Test; P < 0.001).
379
Because DNA-based translocations of genes often contain their native regulatory elements, we degree as the Y-linked paralogs. Consistent with this pattern, we observed a similar degree of Figure 6 . Genes present on the Y that have been translocated from the autosomes or genes that have been duplicated on the Y and are derived from ancestral X-linked homologs show testis-biased gene expression. Log2 fold change between testis tissue and three other tissues (brain, larvae, and liver) is shown. For each tissue comparison, asterisks denote groups with significantly different expression from single-copy genes present on the Y that are derived from X-linked homologs (Mann-Whitney U Test; P < 0.05).
we found acquisition of novel genes throughout all strata of the Y chromosome. We did not detect massive amplification of gene families as observed on mammalian sex chromosomes (Skaletsky common ancestor of the sex chromosomes had multiple copies on the Y chromosome. The copy 518 numbers we observed are on the same order as the duplicated genes on the sex chromosomes 
528
Gene expression patterns of duplicated and translocated genes suggest this process is 529 not entirely neutral. We observed strong testis-biased expression among genes that had 530 duplicated and translocated to the Y chromosome, similar to patterns observed on other Y 531 chromosomes (Carvalho et al. 2000; 2001; Skaletsky et al. 2003; Murphy et al. 2006; Hughes et 532 al. 2010; Paria et al. 2011; Soh et al. 2014; Mahajan and Bachtrog 2017; Janečka et al. 2018 ).
533
Interestingly, we observed multiple ways that testis-biased genes can accumulate on the Y 534 chromosome. For one, many genes exhibit ancestral testis-biased expression. Genes that have 535 translocated from the autosomes to the Y chromosome had a similar degree of testis-biased 536 expression as the ancestral autosomal gene. The X-linked homologs of genes that are duplicating 537 on the Y chromosome also had testis-biased expression ancestrally. This suggests genes can be 538 selected to be retained on the Y chromosome because of existing male-biased expression 75.25x coverage across the genome.
for Sanger sequencing randomly selected plasmid subclones to a depth of 10x. The
690
Phred/Phrap/Consed suite of programs were then used for assembling and editing the sequence 691 (Ewing et al. 1998; Ewing and Green 1998; Gordon et al. 1998 
781
Mb; stratum two/stratum three: 9.67 Mb).
782
To characterize whether there were any novel genes acquired by the Y chromosome as 
